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Introduction
============

The availability of drugs targeting several essential steps in the HIV-1 viral life cycle has led to combination drug therapy (called highly active anti retroviral therapy, or HAART) that has greatly improved the treatment of HIV-1 infections, and the long term survival of patients. HAART, which typically uses combinations of two nucleoside reverse transcriptase (RT) inhibitors and either a protease inhibitor or a non nucleoside RT inhibitor, has now converted a deadly disease into a life long condition^1-5^. However, despite the many successes of HAART in sustained suppression of viral replication, it has limitations. HAART does not eradicate HIV, so the patients are not cured and therapy is life long. There are problems with drug toxicity and with the emergence of drug resistant strains. Resistance can arise to all of the approved anti HIV drugs, including the newly approved drugs that target HIV integrase (IN). Drug resistance likely arises because of spontaneous mutations that occur during viral replication (error rate of 3 x 10^-5^ mutations/base/replication cycle)^6^. When mutations arise in the genes coding for the targets of anti retroviral drugs, a small subset of these mutations will lead to a reduction in susceptibility of the viral strain to the drugs. To avoid the development of drug resistance, drug concentrations must be maintained at levels that fully suppress HIV replication. Poor adherence to the therapeutic regimen exacerbates the problem, and can lead to the rapid development of resistance^7-9^. Although drug concentrations can vary in patients due to differing absorption, metabolism, distribution, and excretion levels, high drug concentrations can lead to toxicity^10^. Since therapy continues for the life of the patient, there are serious safety concerns about the long term toxicity of anti retrovirals. The anti retrovirals commonly used in HAART can have adverse effects and there have been incidences where the side effects have been life threatening^11-15^. The problems patients encounter with the development of resistance and toxicity underlie the need to develop new drugs that effectively block the replication of the common drug resistant strains of the virus with little or no long term toxicity.

Thus, there is a need for an assay that can screen for compounds that block essential steps in the viral life cycle quickly. Here we describe an efficient assay that can be used to evaluate the cytotoxicity of a compounds and their ability to block the replication of both WT and drug-resistant HIV strains rapidly and efficiently. The assay we use is similar to an assay that was developed to screen for drug resistance in virus isolated from patients^16-18^.

Although the assay can be used without modification to screen for compounds that can block HIV reverse transcription, we will describe using the assay to evaluate IN inhibitors. IN is an essential viral enzyme that inserts the viral DNA into the cellular genome^19^. Although a number of promising IN inhibitors are being developed, some of which are currently undergoing clinical trials, only Isentress^20,21^ (also known as Raltegravir or RAL) and more recently, Elvitegravir (EVG)^22^ and Dolutegravir (DTG)^23^ have been approved by the FDA. These compounds are active against both HIV B and non B subtypes in cell culture and in patients^24,25^. However, treatment with RAL selects for drug-resistant HIV-1 IN mutants, including Y143R, N155H, and G140S/Q148H^24,26-31^. N155H and G140S/Q148H also reduce the efficacy of EVG, which emphasizes the need to design and develop second generation IN strand transfer inhibitors (INSTIs) that are effective against these resistance mutations.

Protocol
========

1. Preparation of Master Stocks
-------------------------------

1.  Make master stocks of the compounds to be tested in DMSO. Prepare stocks at a standard concentration of 20 mM. Note: any concentration above 10 mM can be used. Compounds that can be used as positive controls to validate this assay include RAL, EVG, and DTG.

2.  Ensure the compounds are dissolved in DMSO by vortexing the solutions multiple times for 15 sec and incubating at RT for 1 hr. Store the 20 mM stock solutions in the dark at -20 °C until use.

2. Preparation of the 96-well Plates for Compound Screening
-----------------------------------------------------------

1.  Choose the cell line to be tested (*e.g.* HOS or TZM-bl), and seed 100 µl of those cells at a density of 4 x 10^4^ cells/ml (4,000 cells/well) in media (*e.g.* Dulbecco's modified Eagle's or DMEM medium supplemented with 5% (v/v) fetal bovine serum, 5% newborn calf serum, and penicillin (50 units/ml) plus streptomycin).

3. Generation of Virus Stocks
-----------------------------

Produce VSV-g-pseudotyped HIV by transfecting 293 cells (as shown in **Figure 1**, step 1)^32-34^.

1.  On the day prior to transfection, plate 293 cells on 100 mm diameter dishes at a density of 1.5 x 10^6^ cells.

2.  On the day of transfection, transfect 293 cells with 16 µg of wild type or mutant HIV (pNLNgoMIVR^-^ΔLUC) and 4 µg of VSV (pHCMV-g) using the calcium phosphate method^35^.

3.  Approximately 6 hr  after the calcium phosphate precipitate is added, wash 293 cells twice with phosphate buffered saline (PBS) and incubate with fresh media for 48 hr. \[DMEM  supplemented with 5% (v/v) fetal bovine serum, 5% newborn calf serum, and penicillin (50 units/ml) plus streptomycin (50 µg/ml)\].

4.  Harvest the virus containing supernatants by removing the media from the 100 mm diameter dishes, clarify the supernatants by low speed centrifugation at 3,000 rpm for 10 min , filter the supernatants through a 45 µm pore size syringe filter, treat the supernatants with Turbo DNase for 30 min at RT and dilute the supernatants in media for preparation in infection assays. Store the viral supernatants frozen, in aliquots, at -80 °C. Note: the amount of p24 in the supernatant is determined by using a HIV-1 p24 enzyme-linked immunosorbent assay kit. The p24 concentration is used to control the amount of virus in the sample. Approximately 500 ng of virus is added to HOS cells plated on 60 mm diameter dishes at a density of 1.5 x 10^5^ cells/dish on the day prior to infection. After a 48 hr  of incubation, the cells are harvested, collected by centrifugation, washed, and resuspended in 100 µl of PBS. Add an equal amount of Luminescence reporter gene assay reagent and measure luciferase activity as described in sections 5.4.1 and 5.4.2. From this, an appropriate dilution of the virus can be made as discussed in step 4.6.

4. Compound Screening in 96-well Plates
---------------------------------------

Screen each compound in triplicate and average the results.

Note: the effect of each compound on viral replication is corrected by normalizing to the level of replication obtained in the absence of any compound.

1.  Determine the empirical concentration range to be screened. Note: typically, screens with 11 serial dilutions are made by adding the compound to the plate column by column and screens with 7 serial dilutions are made by adding the compound by row. One triplicate set of wells must be reserved for the no compound control. In addition, one column or one row must remain blank to act as the negative/background control. Lastly, whether it is a cellular cytotoxicity or infectivity assay will dictate if virus is added. 

2.  Prepare serial dilutions from the 20 mM stock solution. The concentrations are chosen depending on the empirically determined range of concentrations to be tested (as shown in **Table 1**). Prepare the dilutions in media at 10x the final concentration desired, *i.e.* if the final concentration is going to be 100 µM, make a 1 mM working stock. Note: compounds with IC~50~s above 5-10 μM are not usually good candidates for drug development. In the initial assays we test the compounds only against the WT vector. Promising compounds that effectively inhibit the WT vector are then tested against a panel of drug resistant mutants. 

3.  Remove the 96-well plates from the incubator and add the serial dilutions of the compounds to be tested to the wells in triplicate (as shown in **Figure 1**, step 2). Note: the volume added to the well should be 1/10 volume of the final concentration. Thus, add 22 µl/well (final volume post virus addition is 220 µl) for infectivity assays. For cytotoxicity assays, add 11 µl/well (final volume is 110 µl/well).

4.  Return the 96-well plates to the incubator. For a cellular cytotoxicity screen, incubate the 96-well plates 48 hr  at 37 °C and no further manipulations are needed in Protocol 4: proceed to Protocol 5. For infectivity assays, continue following the instructions in Protocol 4.

5.  Infectivity assays only. Remove the plates from the incubator after a **minimum** of 3 hr incubation at 37 °C with the compounds to be analyzed. Note: this allows the compound to be taken up by the cells prior to infection with the HIV vector.

6.  Prepare a stock dilution of the virus^33,34^ (usually approximately 1:3) that will produce a luciferase signal between 0.2-1.5 relative luciferase units (RLUs) in untreated cells. An entire plate will take approximately 10 ml of diluted virus. Add 100 µl of virus to each of the wells, using either an 8 or 12 multichannel pipettor. Do not add virus to the negative/background control wells. Return the plates to the 37 °C incubator for 48 hr. Note: a 1:3 stock dilution of the virus is typical dilution that will produce a luciferase signal between 0.2 -1.5 RLUs based on a p24 assay showing that the viral concentration in the supernatant is approximately 500 ng in 1.0 ml.

5. Preparation and Measurement of Cytotoxicity and Infectivity in 96-well Plates
--------------------------------------------------------------------------------

1.  Aspirate the media from the wells (phenol red in the media can interfere with the luciferase signal). Use a glass pipette with a 200 µl pipette tip attached to the end. Start at the top of the media and slowly work down toward the bottom corner of the well. Do not spend too much time at the bottom of the well, or cells can be removed from the well.

2.  Add 100 µl of PBS supplemented with 0.5 mM MgCl~2~ to each well. This needs to be done immediately after the media is removed so that the cells do not dry out.

3.  Only for cytotoxicity assays, add 5 ml of substrate buffer from the Luminescence ATP detection assay to each vial of supplied lyophilized reagent. One vial is sufficient for a 96-well plate. Add 50 µl of cell lysis buffer from the Luminescence ATP detection assay to each well. Shake the 96-well plate at 700 rpm at RT for 5 min using a compact thermomixer.Add 50 µl of reconstituted Luminescence ATP detection assay reagent to all wells except for the negative control/background wells. Shake at 700 rpm at room temperature for 5 min using a compact thermomixer. Incubate the plates at RT for 20 min  to allow time for signal development.Read the 96-well plate using the microplate luminometer. Note: open the SoftMax Pro microplate luminometer program. Make sure the luminometer is set to measure luminescence at a sensitivity of 5 readings/well.

4.  Only for infectivity assays, add 10 ml of substrate buffer from the Luminescence reporter gene assay to each vial of supplied lyophilized reagent. One vial is sufficient for each 96-well plate. Add 100 µl of reconstituted Luminescence reporter gene assay reagent to each well. Incubate at room temperature for 20 min  to allow time for signal development.Read the 96-well plate using a microplate luminometer as performed in section 5.3.3.

6. Determination of CC~50~ and IC~50~ Values for Compounds
----------------------------------------------------------

1.  Transfer the luciferase data from the microplate luminometer into an excel spreadsheet. Average both the luciferase data in triplicate and the background/control signal data. Subtract the average background/control signal from the average triplicate signal for the entire concentration range.Normalize the background corrected average signal for the concentration ranges against the activity, whether it is cytotoxicity or infectivity, in the absence of any compound to determine the percent inhibition. Note: percent inhibition is defined as the luciferase activity in the presence of drug divided by the luciferase activity in the absence of drug multiplied by 100. 

2.  Use Kaleidagraph software program to obtain CC~50~ and IC~50~ values Transfer both the empirically determined concentration range and percent inhibition of luciferase activity into Kaleidagraph.Plot the data with the concentration range on the x axis and the percent inhibition of luciferase activity on the y axis.

Representative Results
======================

If the assay (**Figure 1**, steps 1 and 2) was successfully performed, then the luciferase values should resemble the data presented in **Table 2**. Scan across the concentration range; a potentially potent compound will reveal increasing luciferase activity from left to right, and the control should have the highest luciferase activity. If the luciferase activity does not exceed 0.1 Relative Luciferase Units (RLUs) across the concentration range, this usually indicates that the compound killed the cells. If the luciferase data is greater than or equal to 2.0 RLUs across all the serial dilutions, then the compounds were not able to inhibit HIV-1 infections at the tested concentrations.

Plotting the concentration of the compounds versus the percent inhibition of luciferase activity in Kaleidagraph (**Table 3**, part A), after performing linear regression analysis, will produce results similar to those shown in **Table 3**, part B.

**Figure 1.** **Preparation of HIV-1 Viral Stocks and the Setup of Cellular Cytotoxicity and Single-round Infectivity Assays.** In step 1, 293T cells are transfected with pNL4.3ΔEnv.LUC and VSV-G and incubated for 48 hr  to produce virus^34^. The virus is harvested and stored (frozen at -80 °C in aliquots) until it is used in the infectivity assays. For step 2, HOS cells are seeded in a 96-well plate and incubated for 24 hr. The cells are then preincubated with serial dilutions of the compounds to be tested for 3 hr  and then infected with virus (either WT or drug resistant). After a 48 hr incubation, luciferase activity is measured.

**Table 1.Drug Screening Serial Dilution Prototype.** A more stringent screening involves 11 serial dilutions which typically start at 10 µM and end at 0.0005 µM. The serial dilutions are prepared 10x; there are 100 µl of cells and 100 µl of virus in each well). At this volume and following these calculations, the serial dilutions will be enough for 3 rows of an entire 96-well plate. The cytotoxicity assays are prepared similarly; however the 11 serial dilutions start at 250 μM and end at 0.05 μM. Only 11 μl of the dilutions are added to the wells in the plate that contain 100 μl of cells. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/51400/51400table1.jpg)

**Table 2.Luciferase Signal data Readout and Determination of Percent Inhibition of Luciferase Activity.** The data table shows a typical set of luciferase data for a successful compound. The table also shows the additional calculations needed to determine the percent inhibition of luciferase activity and the CC~50~ and IC~50~values. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/51400/51400table2.jpg)

**Table 3. Linear Regression Analysis Data Table**. Part **A**. Graphing the concentration range used versus the percent inhibition of luciferase activity in Kaleidagraph will produce the appropriate inhibition curves. Part **B**, The inhibition curves are defined by the 3 parametric sigmoidal function  and fit to the data by linear regression analyses^18^. This data table is then used in conjunction with Microsoft Excel to calculate the drug concentrations required to inhibit virus integration and cellular cytotoxicity by 50%, *e.g.* IC~50~ and CC~50~. [Please click here to view a larger version of this figure.](https://www.jove.com/files/ftp_upload/51400/51400table3.jpg)

Discussion
==========

We describe a quick, efficient, and reproducible assay that can be used to screen compounds for cytotoxicity and for their ability to inhibit the replication of both WT and drug resistant HIV-1. The ability to quickly identify compounds and test their efficacy and cytotoxicity is crucial in the development of new and improved drugs against HIV-1. Once lead compounds are identified, analogues of the lead compound can be produced and tested using the same assay. The assay is relatively simple. There are both positive and negative controls that allow the user to diagnose the most common problems (toxic compounds, problems with the vector stock). The use of a triplicate set of wells with no added compound shows that viral infection has occurred. The fact that cytotoxicity is measured in an independent assay avoids misinterpreting a reduction in luciferase caused by cytotoxicity as a specific effect on viral replication.

The critical steps in the protocol are preparing the plates so that the cells are uniformly distributed in the wells, that the wells have the proper concentrations of the compounds to be tested, adding the same amount of virus to each of the wells, and measuring the luciferase activity to determine the CC~50~ and IC~50~ values.

The assay is safe, quantitative, and reproducible. The assay is safe because the vector is replication defective. The assay is quantitative and reproducible because it is based on a single round vector that expresses luciferase, which can be assayed accurately and conveniently. In a multi round virus replication assay, the measured IC~50~ depends on the number of viral life cycles; this is a particular problem when the assays involve both WT and drug resistant viruses that may have significantly different replication capacities.

There have been several enzymatic assays reported previously that can be used to screen for IN inhibitors. Assays that involve real time PCR technology to measure integrated DNA require purified recombinant proteins(s), and are, in general, both more labor intensive and expensive^36,37^. Although it is possible to use enzymatic assays to measure the impact of compounds on the other viral enzymes (RT and protease), each enzyme requires its own assay system. The one round vector assay, as described, can be used, without modification, to screen for RT inhibitors. A similar assay can be used to screen for protease inhibitors; however, in a protease inhibitor assay, the compounds must be added to the cells used to produce the vectors. A related assay, using different cells and vectors, can also be used to screen for envelope (env) and HIV entry fusion inhibitors. Lastly, the assay can be used, on a larger scale, with automated robotic dispensers. Thus, the assay can be used to screen large libraries of compounds against WT and mutant HIV. However, the fact the assay can detect an inhibitor of HIV replication that acts at different stages of the viral life cycle points to a limitation in interpreting the data. By itself the assay does not define which step in the life cycle is blocked by a compound. If this question arises, it can be resolved by using time of addition assays^38^, and by testing the compound against purified recombinant viral proteins.

Unfortunately, despite the success of anti HIV drugs, there are still problems with both resistance and toxicity. In the absence of an effective anti HIV vaccine, there is a need not only to develop new therapeutic drugs that will be effective against the existing drug resistant mutants, but also to develop prophylactic drugs that can reduce the spread of the virus. If the prophylactic use of anti HIV drugs incudes the treatment of uninfected people, this approach will place a special burden on developing drugs that are have little or no long term toxicity.
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